A process for life demonstration testing is developed, which can reduce the number of resources required by conventional sampling theory while still maintaining the same degree of rigor and confidence level. This process incorporates state-of-the-art probabilistic thinking and is consistent with existing NASA guidance documentation. This view of life testing changes the paradigm of testing a system for many hours to show confidence that a system will last for the required number of years to one that focuses efforts and resources on exploring how the system can fail at end-of-life and building confidence that the failure mechanisms are understood and well mitigated. = prior probability density function for the random variable, x π1(x|E) = posterior probability density function for the random variable, x, given evidence, E Af = acceleration factor for testing E = evidence erf (x) = error function of x f(r|E) = conditional probability density function for r, given evidence, E ln(x) = natural logarithm of x M = number of units tested r = reliability t = test duration T = mission duration
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I. Introduction
risk informed goal based testing process was developed for NASA's Radioisotope Power Systems Program at Glenn Research Center 1 from the perspective of minimizing the resources (e.g., project budget and schedule) needed to demonstrate compliance with stakeholder expectations with respect to the lifetime of a new technology. The current paper augments that process by explaining how a suitably risk informed process can support stakeholders in establishing lifetime goals which can be demonstrated with available resources. 
A
The Requirements Definition Process also merits emphasis in our methodology because unless lifetime reliability is specified properly, the Evaluation Process can become argumentative due to ambiguity in what constitutes an acceptable demonstration of adequate lifetime. A simple illustration of this is afforded by considering a new technology intended for a ten year robotic science mission into deep space. The stakeholders agree that 90% reliability over ten years is a good representation of their expectations. Suppose that this technology is so novel that its ability to operate in deep space is unknown, but we test it for a month under flight-like conditions. Using a standard exponential distribution to model reliability and, since the technology has no significant heritage, a Jeffreys' non-informative prior, 8 the probability the new technology will furnish 90% reliability over the ten year mission is on the order of a few percent. Most assuredly, no stakeholder, project manager, or systems engineer would accept this calculation as a demonstration that the new technology satisfies their expectations. The mission is 120 times longer than the life test, there is no insight into whether aging and wear-out will begin to degrade performance after a few years of operation (such phenomena would certainly invalidate the application of an exponential reliability model), nor was there any agreement on the type of statistics appropriate for demonstrating lifetime (e.g., Bayesian statistics, sample theory, or MIL-HDBK-781). These same issues are also true is we test several items for just a few months to accumulate a greater number of test hours.
An obvious challenge with respect to quantifying stakeholder expectations for reliability and confidence is that requirements such as 90% reliability with 90% confidence, 90% reliability with 95% confidence, or 95% reliability with 99% confidence usually are nothing more than arbitrary numbers, without physical or programmatic meaning. Given the importance of having well defined requirements, however, our recommendation is not to solicit numbers from stakeholders, but ask them what type of life paradigm they expect in the context of existing, historic or even hypothetical missions.
An example of developing a life paradigm can be illustrated by hypothesizing that the new technology being considered is a radioisotope power system (RPS). Stakeholders could specify that for a mission of duration, T, they wish to have reliability, r, where r is some quantitative value (e.g., 95%). Many technical programs impose/recommend quantitative reliability requirements for projects, 9-11 so techniques for deriving/quantifying r exist. These techniques typically involve an optimization process subject to constraints, where the variables being analyzed can include safety, reliability, and project resources (such as budget and schedule). The techniques range from highly mathematical [12] [13] [14] [15] [16] [17] [18] [19] to architecting traders where the best (i.e., optimal, subject to the imposed constraints) design option is selected from those analyzed and its reliability chosen as the baseline allocation for r. The conclusion, here, is that techniques are available for deriving r, but these conventional processes ignore any uncertainty in r. In order to assign a required confidence level to r, it must be viewed as uncertain due to inevitable uncertainty on any tests or analyses used to evaluate it.
Continuing the RPS example, suppose the stakeholders expected Voyager-like reliability and confidence. Both Voyagers have three radioisotope thermoelectric generators (RTGs) and over three and a half decades of successful RTG flight operation on each. Retaining the statistics with an exponential reliability model and Jeffreys' noninformative prior, Figure 2 -A depicts the confidence a Voyager-like RPS will have reliability of at least r over a ten year mission. If r is required to be at least 90%, a Voyager life paradigm furnishes 99.99% probability the new RPS will satisfy its baseline reliability requirement over a ten year mission. With respect to project resource constraints, the issue is whether they are sufficient for the project to demonstrate, through testing and/or analyses, that the new RPS technology can furnish 90% reliability with 99.99% confidence during ten operating years.
The impact of a life paradigm on project resources can be illustrated by continuing the RPS example. Figure 3 1 depicts the evolution of RTG technology applied to a selection of robotic science missions. The first RTG appeared in 1954 (see Figure 4) . 20 Even if the new RPS technology is a RTG, testing six units for over 37 years is simply incompatible with any technology development schedule (this is equivalent to the RTG flight history for both Voyager, since each Voyager has operated for ~37 years in space and has three RTGs). Fortunately for RTGs, the RTG technical community has developed and maintained physics-based models which have been validated against both flight and test data for a number of different RTG technologies. Because of the high confidence in these models, instead of a life test equivalent to decades of operation, the new RTG couple material could be characterized through laboratory testing and its physical properties used to predict performance over the ten operating years imposed on the project. If the end of life performance margins are at least as large those quantified for the previous missions (e.g., Voyager) and the confidence in these margins is at least as great as the confidence in the previous margin estimates (see Figure 5) , then the new technology will have the same probability and confidence that it will complete its mission successfully. Moreover, since material characterization and margin quantification are a routine part of the RTG technology development process, any resources needed to demonstrate that the new technology will satisfy its reliability requirement with the imposed confidence will be negligible since such tests and analyses are a standard constituent of the RTG technology development budgeting and scheduling process. Consequently, for new technology which is evolutionary instead of revolutionary, the resources necessary to demonstrate satisfactory lifetime with confidence are usually negligible because the underlying physics is well understood. This has reduced our demonstration problem from evaluating the entire system to one of exploring a specific set of material properties. (Note that the domain of the abscissa varies, causing the shape of the curves to shift. The probability the reliability is at least r is derived in the appendix.)
Highly revolutionary concepts represent the other extreme of technology development. Imagine a new power source so novel that there is essentially no applicable test or flight data to demonstrate compliance with the life paradigm. Obviously this concept is at a very low technology readiness level so the project has the opportunity to optimize technology development with respect to performance, lifetime demonstration, and resources. If the Voyager mission is selected as the life paradigm, the project must scrupulously review the testing needs, cost, and schedule. Since a test schedule spanning decades is unacceptable, the project must consider the extent to which life testing can be accelerated and test multiple units. If an Af on the order of 37 is achievable, life testing compatible with a Voyager life paradigm can be completed in about a year if six units are available for testing (and test interruptions are negligible). However, such an ambitious Af may not be feasible. Rather than an accelerated test campaign, testing multiple units for a shorter time may be feasible if M×t=6×37. Here, however, the cost of fabricating M units is unlikely to be affordable. For accelerated testing of multiple units the life demonstration criterion becomes M×Af×t=6×37. An important admonition is that if Af×t is less than the mission length for the new technology (ten years for this example), then it becomes necessary to demonstrate that aging and wear-out will not occur during that part of the mission beyond which testing had been conducted. If aging or wear-out can occur late in the mission (or their occurrence cannot be ruled out), it then becomes necessary to establish that their resultant performance degradation can be managed in a manner which will satisfy the life paradigm. Note that T, in this equation, is the mission duration and differs, conceptually, from t, which constitutes our evidence from testing. We can derive f(r|E) from Eq. 1 and the basic rules for transformation of variables in probability density functions. Specifically, we know from Eq. It is important to remember that this derivation is notional, performed in order to illustrate the overall process. A more rigorous statistical analysis, such as those described in Ref. 8 , should be applied to actual technology development programs and projects.
